Abstract. Low dissolved oxygen (DO) concentrations in streams can
INTRODUCTION
Low dissolved oxygen in a water body can result from nutrient or organic matter enrichment due to anthropogenic activities. However, low DO conditions can also be caused by natural environmental variables, such as water stagnation and high temperatures. Many of Louisiana's freshwater streams are characterized by low flow with high organic content and high temperatures during the summer season which may cause low dissolved oxygen levels. These ambient levels tend to be below levels regarded safe for organisms by the Louisiana Department of Environmental Quality. The current acceptable Total Maximum Daily Load (TMDL) for dissolved oxygen in Louisiana is 5 mg L -1 (LDEQ, 2001 ), but a study by Ice and Sugden (2003) found that 81% of the sites sampled in Northern Louisiana during the summer were below this standard. Most of these streams were classified as having an organic substrate with "slight" or "stagnant" flow, indicating the effect that substrate and stream velocity can have on dissolved oxygen levels.
The TMDL approach has emerged as a widely-adopted strategy to limit pollution from both point and non-point sources. Development of TMDLs for certain pollutant types may enable watershed managers to enforce constraints on the allowable level of activities concerning that pollutant, making the TMDL approach a protection technique for water quality. If the level of activities or the water quality standards in water bodies violate the recommended values from the TMDL recommendation, a load reduction can be Watershed Management to Meet Water Quality Standards and TMDLS (Total Maximum Daily Load) Proceedings of the Fourth Conference 10-14 March 2007 (San Antonio, Texas USA) Publication Date 10 March 2007 ASABE Publication Number 701P0207. Eds A. McFarland and A. Saleh suggested for the watershed, making the TMDL approach a restoration technique. TMDLs are being widely used when monitoring streams during land use changes and determining the necessary nutrient reduction to maintain or improve stream health. It is, however, important to note that TMDLs are arbitrary indicators of water quality, and they should not be set at levels which are determined unattainable for natural water conditions. Although the current TMDL for dissolved oxygen in Louisiana is 5 mg L -1 , some propose a 3 mg L -1 minimum during summer months (LDEQ, 2001) . It is argued that the current level is nearly impossible for streams in Louisiana to maintain due to naturally occurring conditions. Organic carbon has been found to be indirectly related to oxygen availability in water (Thunell et al., 2000) , therefore high organic carbon may be an indicator of low dissolved oxygen in natural stream systems. Carbon sources can be locally available within the stream, recycled from upstream transport, or input from runoff or leaf litter (Thomas et al., 2005) . Streams sampled in Louisiana tend to have high organic matter, so it can also be responsible for decreased dissolved oxygen levels.
This study is being conducted to assess potential harvesting effects on dissolved oxygen conditions in a forested watershed of central Louisiana. Since the research is in progress, this paper reports preliminary results on (1) spatial and seasonal differences in dissolved oxygen, (2) factors influencing the temperature dependence of dissolved oxygen concentrations, and (3) consequences of higher temperature and organic content on dissolved oxygen in higher order streams.
METHODS

Study Area
Flat Creek Watershed is located in the western part of the Ouachita River Basin in central Louisiana (Figure 1 ). The Ouachita River drains a 41,439 km 2 basin with topography progressing from slightly rolling uplands to level floodplains. Flat Creek is a medium sized watershed with a drainage area of approximately 350 km 2 , which comprises about 15% of the area in Castor Creek Watershed. Land use within the watershed is dominated by forests covering 61% of the area, followed by rangeland at 21% (LDEQ, 2001 . In-situ water quality measurements, including dissolved oxygen, temperature, conductivity, and pH were taken at each site with an YSI 556 multiprobe (Yellow Springs Instruments, Ohio). Streamflow was also recorded at each site. In addition, two in-stream water quality monitoring sondes (YSI 6600s) were deployed in Turkey Creek. These sondes measured dissolved oxygen, temperature, conductivity, and turbidity at a 15-min time interval, providing information on daily DO fluctuation over the seasons. Data from these sondes, currently under review, were acquired at periodic intervals between June and November of 2006.
Water Sampling and Laboratory Analysis
Monthly water samples were collected at the eleven monitoring locations. Water samples were analyzed for total and dissolved organic and inorganic carbon using a Shimadzu Total Organic Carbon Analyzer (TOC-V CSN, Shimadzu Corporation, Kyoto, Japan). Carbon data were acquired between January and July of 2006.
RESULTS
Seasonal and Spatial Variations in Dissolved Oxygen
From March to October, average dissolved oxygen in the Flat Creek Watershed was below 5 mg L -1 (Figure 2 ). There was a wide range of DO levels (0.40-9.0 mg L -1 ) with the lowest DO found during the summer months and the highest DO during the winter months. This distinct, seasonal difference suggests that the high temperature and low flow that normally occur during the summer (Figure 3 ) causes decreased DO levels in the stream (Figure 2 ). The variation in dissolved oxygen does not appear to be related to the location of the stream in relationship to the watershed. There is no clear trend in dissolved oxygen and stream order (Table 1) . First order streams sampled have average DO between 1.9 mg L -1 to 5.1 mg L -1 and the two 2 nd order streams sampled have average DO of 4.3 mg L -1 and 6.0 mg L -1 . There is also no clear trend in the change of dissolved oxygen levels from upstream, at the headwaters, to downstream, near the outflow ( Figure 5 ). 
Seasonal and Spatial Variations in Carbon
There were seasonal variations in both average total inorganic carbon (TIC) and total organic carbon (TOC) (Figure 6 ). TIC increased from 2.22 mg L -1 in January to 12.46 mg L -1 in July. TOC had a peak in the spring months, March and April (22.96 mg L -1 and 20.45 mg L -1 , respectively) and decreased from May to July (17.31 mg L -1 to 9.82 mg L -1 ). The inorganic to organic carbon ratio (TIC/TOC) increased from March (0.12 mg L -1 ) to July (1.27 mg L -1 ) showing a shift from organic carbon to inorganic carbon as the dominating partition of total carbon. 
Dissolved Oxygen and Stream Conditions
The lowest DO levels were found at sites with low velocity (Table 1) . Two sites were classified as pools throughout the year. These two sites also experienced low DO with averages of 1.9 mg L -1 and 2.7 mg L -1 . The other sites, characterized as non-pools, had higher DO ranging from 2.9 mg L -1 to 6.0 mg L -1 . Naiman (1983) found that as stream order increases, DO also increases as a result of increased primary production. In this study, all streams sampled were relatively low order (1 st -3 rd ) and there was no clear trend of increasing DO with increasing order. In general, these streams have low flow velocities, which is typical of this area. Flow is normally lowest during the summer months, when higher flows could benefit overall oxygen capacity. As a result of this reduced flow and increased temperature, seasonal differences in dissolved oxygen are clearly defined, as found in a similar study by Chapman and Kramer (1991) . With Louisiana's extended summers, this seasonal impact on DO can be seen for much of the year.
DISCUSSION
Relationship between Dissolved Oxygen and Environmental Conditions
Localized velocity and morphology influenced dissolved oxygen more than the stream position in the watershed. Local stream morphology has a large effect on DO, as seen in the decreased DO present in pools. Distinct characterization of sites as "pool" or "non-pool" is difficult, however. There are a few sites that were classified as non-pools, but are pools during certain low water levels. For example, I4 is a pool during low water conditions, but is not a pool at other water levels. I4 also experienced among the lowest DO levels.
Relationship between Dissolved Oxygen and Dissolved Organic Carbon
Dissolved organic carbon fluxes play a critical role in terrestrial ecosystems. They interact with the biogeochemical nitrogen cycle (Qualls et al., 1991; Campbell et al., 2000) , aid in pollutant transport (Kalbitz et al., 2000) , and may be a major energy source for microorganisms (Tranvik, 1992) . In aquatic environments, organic carbon is either consumed by the biological community, deposited in the benthic zone, or transformed into atmospheric carbon. Land surface processes, climate variation, and anthropogenic activities can all influence organic carbon fluxes. Organic carbon from increased primary production further enhances oxygen consumption (Trefry et al., 1994) . In Flat Creek Watershed, we observed increased organic carbon during the spring, probably due to primary production, which began to decrease in early summer.
The decrease in dissolved oxygen to less than 5 mg L -1 began in March, possibly a result of the increasing temperature and organic carbon present in the stream. We also observed a shift in the TIC/TOC ratio from organic carbon dominance in January to inorganic carbon dominance in June (Figure 6 ). Water levels were observed at their lowest point in the summer season, enhancing the soil-to-water interaction and potentially increasing inorganic carbon found in the water column. Summer 2006 had normal precipitation, which is usually low in this area. With low precipitation, runoff to the stream is also reduced. Runoff may be a source of organic carbon input. Carbon can also be impacted by stream morphology, as pools allow carbon to accumulate which can further decrease DO concentrations.
Applicability of EPA Criteria
This study showed that average DO was below the 5 mg L -1 water quality standard from January 2006 to November 2006 at eight of the eleven sites sampled in Flat Creek Watershed. Average dissolved oxygen levels met state standards for only three out of the eleven months sampled (January, February, November), in which water temperatures were also below 15 o C (59 o F). These three months are also the period of least vegetation growth in and around the stream channel. Based on our observations it is proposed that a DO concentration of 5 mg L -1 is not achievable even for natural, undisturbed watersheds in Louisiana. The sampled sites, although they are not in pristine or primary forests, have not been fully harvested in nearly 10 years. Aust and Blinn (2004) demonstrated that most harvested sites recover within five years. Considering that the sites are in a rural forested area, these streams are experiencing near natural conditions and are not being heavily influenced by land use changes.
In our study, changes in DO concentrations were most likely affected by seasonality and, therefore the TMDL applied to this area and similar areas in Louisiana should be adjusted accordingly to account for seasonal load allocations for DO. With Louisiana's subtropical climate, the summer extends beyond the traditional three month season. With an impractical water quality standard established in the TMDL, it is difficult to regulate land use changes, as well as to determine if BMPs are working effectively.
CONCLUSION
Dissolved oxygen is impacted largely by seasonality and temperature. There is also a seasonal relationship in the inorganic carbon to organic carbon ratio. Localized environmental conditions such as stream velocity and morphology are more indicative of dissolved oxygen levels than stream order. With natural dissolved oxygen concentration in Louisiana streams below the TMDL recommendation of 5 mg L -1 , it may not be possible to reduce nutrient concentrations sufficiently to limit dissolved oxygen consumption, implying that currently established water quality standards do not adequately address natural conditions.
